Abstract Coral loss through consumption by corallivorous crown-of-thorns seastars (CoTS, Acanthaster spp.) is a major contributor to the coral reef crisis in the Indo-Pacific region. The fourth wave of Acanthaster cf. solaris outbreaks since the 1960s started around 2010 on Australia's Great Barrier Reef. Ecological monitoring failed to detect early outbreak stages, thus preventing timely intervention. Here, we develop a digital droplet PCR (ddPCR)-based method to detect environmental DNA (eDNA) of CoTS in 2-l water samples that can be compared with abundances of the species recorded by divers along 200-m 2 transects. Aquarium tests demonstrated that eDNA was readily detectable and increases proportional to the biomass of CoTS (R 2 = 0.99, p \ 0.0001). Adaptation from a quantitative PCR technique developed for CoTS larvae (Doyle et al. in Marine Biology 164:176, 2017) to ddPCR improved the limit of quantification (LOQ) by a factor of 45. During field verification on 11 reefs, CoTS eDNA was detectable on all reefs suffering outbreaks. In contrast, CoTS eDNA was absent from 'post-outbreak' reefs after populations collapsed and from 'pre-outbreak' reefs. In linear models, CoTS densities explained a high amount of variance of eDNA concentrations, both for water samples taken at the depth of transects (R 2 = 0.60, p \ 0.0001) and on the sea surface (R 2 = 0.46, p = 0.0004). The proportion of samples above LOQ was also correlated with CoTS densities, with a similar amount of variance explained as for the concentration (underwater R 2 = 0.68, p \ 0.0001; surface R 2 = 0.49, p = 0.0004). We conclude that, after consideration of sampling locations and times, this method is promising for CoTS population monitoring and early detection of outbreaks and might supplement or replace traditional monitoring. Development of automated samplers and possibly on board PCR in the future will further improve early detection.
Introduction
The Great Barrier Reef Marine Park (GBR) is globally one of the largest marine protected areas and has iconic status as a world heritage site. However, over the last three decades coral cover has been reduced by about 50% (De'ath et al. 2012 ). Prior to recent climate change related coral bleaching events in 2016 and 2017 (Hughes et al. 2017) , outbreaks of the Pacific species of coral eating sea star, Acanthaster cf. solaris (crown-of-thorns seastar, CoTS), caused an estimated 42% of the coral loss (De'ath et al. 2012) . Currently, the GBR is experiencing its fourth major CoTS outbreak since the 1960s (Pratchett et al. 2014 , while at the same time, many other coral reefs in the Indo-Pacific region are being severely impacted by CoTS. This includes reefs in French Polynesia (Kayal et al. 
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CoTS have a 'boom and bust' life cycle (Uthicke et al. 2009) , and reasons for outbreaks ('boom') and subsequent population breakdown ('bust') are not fully resolved. It is hypothesised that outbreaks are promoted through an increased survivorship of the planktivorous CoTS larvae in response to greater phytoplankton biomass (Uthicke et al. 2015b; Pratchett et al. 2017; Uthicke et al. 2018 ) associated with land runoff (nutrient hypothesis, e.g. Birkeland 1982; Brodie et al. 2005; Fabricius et al. 2010 ). An alternative view of outbreak causes is the 'predator removal hypothesis', where top-down reductions in predation on adult or juvenile CoTS are proposed as the mechanism of population increase (Pratchett et al. 2014; Cowan et al. 2017) . Most likely a combination of factors including food concentrations, predator densities, sea surface temperature and other climatic factors is responsible for the outbreaks (Black et al. 1995; Uthicke et al. 2015b; Wooldridge and Brodie 2015) . CoTS outbreaks on the GBR are usually first detected in northern areas of the GBR between Cairns and Cooktown (the 'initiation box') and progressively move south at a rate of approximately 60 km yr -1 due to larval dispersal (Vanhatalo et al. 2017) .
Knowledge of the exact time and location of the outbreaks is important for understanding the dynamics and drivers of outbreaks, and early detection would allow efficient timely intervention and management. For example, due to limited temporal and spatial resolution of the monitoring, it is not known where exactly in the initiation box primary outbreaks first occur and whether individual reefs or several reefs have simultaneous primary outbreaks (Pratchett et al. 2014 ). In addition, routine monitoring for CoTS on the GBR is conducted using manta tows, a technique which might only detect 5% of the individuals present due to cryptic behaviour and low visibility of juveniles (Fernandes et al. 1990 ). Thus, developing improved detection tools and implementing early warning systems are a priority of future CoTS management .
Environmental DNA (eDNA) is defined as genetic material obtained directly from environmental samples (i.e. soil, sediment, water column) without any obvious signs of biological source material (Thomsen and Willerslev 2015) . The sources of this DNA may be shed skin cells, and excretion of mucus, urine or faeces (Rees et al. 2014) . Some studies include DNA from pelagic larvae in the definition of eDNA (Richardson et al. 2016) . Measuring aquatic eDNA was initially tested in small freshwater ponds to detect introduced species (Ficetola et al. 2008 ). Subsequently, eDNA has become a widely used tool in freshwater environments to, for instance, detect invasive species such as salamander (Fukumoto et al. 2015) or carp (Jerde et al. 2013; Hunter et al. 2017 ), or to detect rare or threatened species (Rees et al. 2014) .
Given the large body of water involved and the more dynamic physical nature (i.e. tides, ocean currents, vertical mixing), eDNA in marine environments is likely at lower concentrations and thus harder to detect. Indeed, initial attempts to detect an invasive mud crab species (Rhithropanopeus harrisii) in the Baltic Sea proved difficult (Forsström and Vasemägi 2016) . However, several recent studies have successfully used eDNA to quantify fish or describe fish diversity in the marine environment (Thomsen et al. 2012; Yamamoto et al. 2016 ) using both specific primers or metabarcoding approaches. Methods for monitoring groups that are not well described such as harmful algae and faecal indicators (Yamahara et al. 2015) or Octopus vulgaris (Mauvisseau 2017) have also recently been developed. A study on a coral reef used universal barcoding primers to describe Eukaryote diversity across several major taxa (Stat et al. 2017) . The use of eDNA from water samples has also been applied to a population genetic study on whale shark aggregations (Sigsgaard et al. 2016) .
Similar to other phyla (Hebert et al. 2003) , the mitochondrial gene cytochrome oxidase (COI) can be used for species identification ('barcoding') in echinoderms (Vogler and Monaghan 2007; Ward et al. 2008; Uthicke et al. 2010) . We recently developed CoTS-specific COI primers to identify (Uthicke et al. 2015a ) and quantify (Doyle et al. 2017 ) CoTS larvae in plankton samples. Here, we demonstrate that the same primers and TaqMan probe can be used to amplify 'free' DNA (as opposed to DNA in larvae) in water samples to detect post-settlement CoTS. To achieve this, we first adapted our laboratory method from qPCR to digital droplet PCR to improve the limit of quantification. This technique is assumed to have a several orders of magnitude higher sensitivity and precision than qPCR, and is less vulnerable to PCR inhibition and independent of external standards (Hindson et al. 2011; Hunter et al. 2017) . Second, we conducted a series of aquarium experiments to validate the method and establish the rate at which adult CoTS release DNA. Third, we tested our method by collecting water samples on 11 coral reefs varying in CoTS population densities between extreme ([ 50 Ind. 100 m -2 ) and 0 individuals. The latter include both pre-outbreak reefs with very few CoTS and postoutbreak reefs following CoTS population collapse.
Materials and methods

Aquarium experiments
In an initial aquarium experiment at AIMS's National Sea Simulator facility between the 27 April 2017 and 10 May 2017, we tested for a relationship between seastar biomass and the quantity of CoTS eDNA. Water temperatures during this period ranged from 25°C to 26°C. A 10,000-l tank was set up with a seawater flow rate of 13.9 l min -1 (2 turnovers d -1 ). The tank was allowed to equilibrate for 1 week (equivalent to 14 turnovers) before initial blank water samples (2 l, n = 4) were taken. Subsequently, the wet weight of a single CoTS was determined and the specimen added carefully to the tank. The tank was then allowed to equilibrate 48 h before water samples were taken as per above. After sampling, a second individual was added and the equilibration/sampling procedure repeated. This process of doubling the number of CoTS in the tank and sampling the water continued until 16 animals were in the tank (= 6 sampling occasions including the initial blank samples, 1, 2, 4, 8 and 16 individuals). All water samples from this experiment were filtered through both a Sterivex 0.22-lm polyethersulphone (Millipore catalogue # SVGPL10RC) filter and a 47-mm 1-lm cellulose nitrate filter (CN filter) to compare DNA capture efficiency of the filters (see below). After filtration, Sterivex filters were capped at both ends and the CN filters were placed in 2-ml cryotubes. Inlet water was also sampled as a control at the beginning and end of the experiment. All filters were stored at -80°C until analysis. All equipments used to conduct filtration were cleaned with 10% bleach before and after use.
DNA extraction
Filters were extracted using slightly modified versions of the Qiagen DNeasy Blood and Tissue extraction kit. For Sterivex filters, Qiagen buffer ATL (0.9 ml) and proteinase K (0.1 ml, 20 mg ml -1 ) were added directly onto the filter and the capped filter was incubated (56°C) overnight with constant rotation. Subsequently, Sterivex filters were briefly centrifuged to remove liquid and bubbles from the filter inlet and Qiagen buffer AL (1 ml) was added. The Sterivex filter was recapped and incubated for a further 30 min (56°C) with constant rotation. A new 5-ml syringe was used to expel the ATL/proteinase K/AL lysis mixture into a 5-ml tube. Ethanol (1 ml) was added to this lysis mixture and mixed well. The ATL/proteinase K/AL/ethanol mixture was then added to a Qiagen spin column as per the manufactures' instructions. Qiagen spin columns were washed with 500 ll Qiagen wash buffer AW1 followed by centrifugation at 10,000 9 g for 1 min and then washed with 500 ll Qiagen wash buffer AW2 followed by centrifugation at 20,000 9 g for 3 min. DNA was eluted from Qiagen spin columns with 3 9 50 ll TE 0.1 .
For CN filters, Qiagen buffer ATL (0.81 ml) and proteinase K (90 ll 20 mg ml -1 proteinase K) were added which was followed by an overnight incubation (56°C) with constant rotation. Qiagen buffer AL was then added (0.9 ml), and the samples were incubated at 56°C for 30 min with constant rotation. After this second incubation, 0.8 ml of the ATL/proteinase K/AL lysis mixture was added to a new 2-ml microtube containing 400 ll ethanol and mixed thoroughly. Application to the spin column, washing and elution of DNA were conducted as per the Sterivex procedure.
Quantitative PCR and digital (droplet) PCR assay
The development of the eDNA assay was based on qPCR used for CoTS larval quantification (Doyle et al. 2017) . Following initial aquarium tests we decided to move the assay to digital droplet PCR (ddPCR) that provides lower limit of detection (see below). Digital droplet PCR was conducted using the Bio-Rad QX200 ddPCR system. The qPCR assay described in Doyle et al. (2017) was directly transferred to ddPCR using the same primer and hydrolysis probe concentrations. A 25-ll ddPCR reaction was prepared using a CAS-1200 liquid handling robot (Qiagen). Each reaction contained 12.5-ll Bio-Rad ddPCR supermix for probes (no dUTP), 400-nM forward primer (CoTS-COI-F-1321), 400-nM reverse primer (CoTS-COI-R-1446), 100-nM hydrolysis probe (5 0 FAM-CTATCT-CATCCATAGGCAGCAC) and EcoR1 restriction enzyme (2 units per reaction). All samples were tested in duplicate. Twenty microlitres of the PCR mix was pipetted into the sample chambers of a Droplet Generator DG8 Cartridge (Bio-Rad, cat no. 1864008), and 70 ll of the Droplet Generation Oil for Probes (Bio-Rad, cat no. 186-3005) was added to the appropriate wells. The cartridges were covered with DG8 Gaskets (Bio-Rad, cat no. 1863009) and placed in a QX200 Droplet Generator (Bio-Rad) to generate the droplets. After droplet generation, the droplets (40 ll) were carefully transferred to a semi-skirted 96-well PCR plate (Bio-Rad, cat no. 12001925). The PCR plate was sealed with pierceable foil (Bio-Rad, cat no. 181-4040), and PCR run under the following conditions: 95°C for 10 min, 1 cycle; 95°C 30 s, 60°C 1 min, 40 cycles; 98°C, 10 min, 1 cycle; 10°C infinite hold. Droplets were then read on a QX200 droplet reader (Bio-Rad). False positive rate determination typically involves the measurement of positive droplets in a population of wild type and mutant genes. In environmental DNA (eDNA) research, this is not an attainable method. Alternatively, we sampled water from a mesocosm aquarium at the Australian Institute of Marine Science SeaSim facility that contained a variety of marine organisms including coral, fish, molluscs and nonCoTS echinoderms. Six 2-l water samples were taken from the mesocosm and filtered on separate CN filters. DNA was extracted from the CN filters as described and normalised to 1 ng ll -1 . Six technical replicates of each filter were analysed using the ddPCR method described giving a total of 36 wells. Blank filter extractions, positive controls and no template controls were also included in the assay.
Field sampling and CoTS density
Field collections were conducted on four field trips between June 2016 and August 2017, covering reefs in the Cooktown, Innisfail and Ingham to Townsville regions (Table 1 , Electronic Supplementary Material, ESM Table 1S ). In general, we only collected between May and August outside the known CoTS summer spawning season (Pratchett et al. 2014) . This was to avoid potential contamination of the samples through CoTS gametes, embryos or larvae suspended in the water column. The exception was one trip to the Cooktown region in December 2016, designed to test if potential contamination was an issue through parallel plankton and eDNA sampling. However, at the time of the trip the CoTS population in that region had collapsed and all plankton samples were negative (Uthicke and Doyle, unpublished data) . Thus, contamination from CoTS larvae was unlikely for those samples. In addition to avoiding the spawning season, samples were filtered through 70-lm filters to remove potential embryo and larval contamination. Water samples were collected in 2-l plastic (HDPE) bottles cleaned with 10% bleach between samplings. To allow submersion, sampling containers were filled with fresh water prior to taking them into the field. Surface sampling of two samples per site was undertaken from tender vessels by semi-submersing bottles after emptying fresh water. Underwater samples were taken after evacuating freshwater from the bottle using a SCUBA air hose. Two additional freshwater filled bottles were taken into the field at each sampling occasion to serve as procedural controls. At most sites, we conducted CoTS counts in parallel with water collections on 1-3 transects (Table 1) . Transects consisted of 50-m tape measures laid out along Table S2 ).
Field samples collected during 2016 (see Table 1 ) were filtered through Sterivex filters. We subsequently moved to filtering via CN filters for samples collected in 2017 as logistics improved and troubleshooting of filtering was reduced. For example, we found that Sterivex filters occasionally became clogged, and consequently, the final filtered volume was altered. We also found that cleaning procedures for the CN filters were more time efficient compared to cleaning procedures for the Sterivex filters. During this transition, we conducted experiments to demonstrate comparability of filtration methods along with comparisons of qPCR and ddPCR. Our initial aquarium biomass experiments (see above) were found to contain much higher CoTS DNA and total DNA than we found in the field; therefore, to compare filtering methods at field relevant levels, we conducted a trial (6 June 2018, water temperature: 23.0°C) using the same tank set-up described above containing a single CoTS. From this water, we tested neat, 1/10 and 1/100 diluted water (n = 6) using inlet seawater to dilute samples and analysed as described above. To compare analysis methods of qPCR and ddPCR, we analysed all samples collected from Peart Reef in 2016 using both qPCR and ddPCR.
Statistical analyses
We used general linear models to test for relationships for pairs of variables. Specifically, four comparisons were conducted against estimates of average CoTS densities per site: (1) the average eDNA concentration per site of samples taken in situ; (2) the percentage of in situ samples per site above the limit of quantification (LOQ); (3) the average eDNA concentration per site of samples taken on the water surface; and (4) the percentage of surface samples per site above the LOQ. In addition, we tested if concentrations and % above LOQ were related between underwater and surface samples using Pearson's correlation coefficient. All variables were log 10(x)-transformed prior to analyses, with zero values replaced by 0.5 9 the minimum value observed for the respective variable.
Results
Method development and aquarium tests
In aquarium tests, CoTS eDNA was readily detectable using quantitative PCR (Fig. 1) . DNA concentrations on the CN filters increased linearly with CoTS biomass (0.8-14.65 kg) (R 2 = 0.99, t = 39.62, p \ 0.0001). A linear regression also explained a large amount of the variance for Sterivex filters (R 2 = 0.81, t = 4.76, p = 0.0089), although the samples at the highest concentrations fall below the regression line and suggest filter saturation occurs for these filters. All controls during this experiment were negative for CoTS DNA.
In an equilibrium system, the release rate (in this case eDNA) is equivalent to the concentration multiplied by flow rate. The release rate of eDNA (based on CN filters) was significantly related to CoTS number in the aquaria (linear model, t = 24.66, p \ 0.0001, R 2 = 0.99). Based on the slope of this model, the release rate of an individual of the size range tested here was 2,062,718 copies min -1 (1 SE = 83,636 copies min To achieve a lower limit of quantification (LOQ), we adapted our hydrolysis probe based qPCR technique to ddPCR. A subset of field samples (N = 13) demonstrated that both methods gave comparable results over a range of concentrations (p \ 0.0001, R 2 = 0.96), with a slope indistinguishable from 1 (slope = 0.96, SE = 0.05) (ESM Fig. S1 ). The LOQ for qPCR was determined at 225 copies per reaction in our previous study (Doyle et al. 2017) . For the false positive rate (FPR) determination in ddPCR, we measured a total of 9 droplets over the 36 test wells, giving a FPR of 0.25 droplets per well. Based on this FPR, we determined an LOQ of 5 positive droplets per well for the ddPCR assay using Bio-Rad lookup tables. This equates to 8 copies per well at the upper 95% confidence interval.
As we changed from Sterivex filters to CN filters after the 2016 field samples, we tested if the same amount of A. cf. solaris eDNA was captured on different filter types in three different dilutions, spanning the range of field measured eDNA (see below). These tests were conducted using ddPCR. Two-factor analysis of variance confirmed differences in eDNA concentrations dilutions, but not between filter types, nor an interaction of dilution and filter (ESM Table S3 ). Measured concentrations decreased in accordance with the dilution of the original sample, and values between the two filters were very similar (ESM Fig. S2 ). Hence, we concluded that changing the filters after the initial sampling period had no outcome on the results.
Field analyses
We selected 11 GBR reefs during the 15-month study period to collect eDNA samples and data on CoTS density (Table 1) . This included two reefs in the Far Northern Section that previously had significant outbreaks, two in the same region with no outbreak history, five reefs in the Central Section of the GBR with present active outbreaks and 2 reefs with no active outbreak approximately 55-65 km from the current outbreak front near Loadstone Reef (ESM Table S2 ).
CoTS eDNA was not detected on post-outbreak reefs, nor other reefs in the Northern Section several yrs after CoTS populations collapsed in that area (Fig. 2) . Similarly, there was no eDNA detection on the two 'pre-outbreak' reefs south of the current outbreak front. CoTS DNA was, however, detectable on all reefs suffering current outbreaks, with concentrations of up to 18,147 and 10,814 copies l -1 measured in underwater and surface samples, respectively (Fig. 2, ESM Table S1 ). In total, 76.2% (64/ 84) of underwater samples and 64.3% (18/28) of surface samples on reefs in the current outbreak area were above LOQ.
Concentrations of eDNA increased significantly with increasing CoTS densities ( Table 2 ). A linear model explained 60% of the variance in eDNA concentration in samples collected at the transect depths by CoTS density, while 46% of the variation in surface samples was explained (Table 2, Fig. 3 ). In addition to eDNA concentration, we explored the proportion of samples above the LOQ as a metric to indicate CoTS presence. Linear models indicated that CoTS densities explained a similar amount of variance in that metric (underwater R 2 = 0.68, surface R 2 = 0.49, Fig. 3 ) as for concentrations. This was despite the lower number of samples taken on the surface (Table 1) . In this analysis, for both underwater samples (correlation analysis, R 2 = 0.55, p = 0.0001) and surface samples (R 2 = 0.55, p = 0.0004), the average eDNA concentration and the proportion of positive samples were correlated.
Each sampling set included two blank freshwater samples taken into the field, with one returned as is and the second dipped into the seawater. None of these controls exhibited eDNA concentrations above the LOQ.
Discussion
In freshwater environments, eDNA is now frequently used to detect invasive (Fukumoto et al. 2015) , rare or threatened species (Rees et al. 2014) . Although dilution will be much larger in the ocean due to larger water volumes and greater horizontal and vertical mixing, eDNA in the marine environment has the potential to become a core tool for monitoring (Kelly et al. 2014) . We tested if eDNA approaches can be applied for early detection and monitoring of the crown-of-thorns seastar (CoTS) outbreaks. We demonstrated in aquarium experiments that free CoTS eDNA increases with density/biomass. We then demonstrated that eDNA was detectable at low concentrations and correlated with CoTS densities in the field.
Droplet digital PCR (ddPCR) is a relatively new method for absolute quantification of nucleic acids (Hindson et al. 2011) . ddPCR has a lower detection limit and is less prone to PCR inhibition than qPCR (Hunter et al. 2017) . The latter fact means that total DNA for ddPCR can be much higher concentrated (i.e. more sample volume collected), which further reduces the overall LOQ of the assay. Thus, DNA from 2-l water samples collected here could be measured at neat concentrations (typical extracted DNA concentrations 2-10 ng ll -1 ), whereas qPCR samples tested, required a tenfold dilution due to the effect of PCR inhibition. Correlation between qPCR and ddPCR is important when translating methods, and we found this to be the case for our study. For the present eDNA work, samples were often at the lower limits of quantification when using qPCR. The LOQ for the qPCR method used herein is 225 copies per reaction, with the variability too great for concentrations less than this (Doyle et al. 2017) . Thus, in addition to potentially less problems due to PCR inhibition, a lower detection and quantification limit is a clear advantage of ddPCR.
Several filtration methods have been applied to aquatic eDNA (Turner et al. 2014; Minamoto et al. 2016; Spens et al. 2017) . Sterivex filter cartridges provide a level of 'protection' from cross-contamination, but these filters were more prone to clogging and filter saturation in our study. Our decision to change to CN filters was driven by the need to simplify filtration logistics. Aquarium comparisons of Sterivex and CN filters demonstrated that Sterivex filters did indeed saturate and that the total DNA captured by the Sterivex filters reached a plateau at high DNA concentrations. This was not the case for CN filters (Fig. 1) , and regressions between CoTS biomass and DNA captures were found to be less variable for CN filters. At field relevant (i.e. lower than in the aquarium experiment) CoTS eDNA concentrations, CN and Sterivex yielded the same results (ESM Fig. 2 ). In short, we were satisfied that moving from Sterivex filters to CN filters did not bias results, while it improved sampling logistics and possibly precision at higher concentrations.
Based on the aquarium experiments, eDNA release from individual CoTS was in the range of 2 9 10 6 copies min -1 . These values are substantially higher than those measured in fish (Maruyama et al. 2014; Klymus et al. 2015 All variables were log 10(9)-transformed prior to analyses. For transformation, zero values were replaced by 0.5 9 the minimum value observed for the respective variable
Coral Reefs (2018 Reefs ( ) 37:1229 Reefs ( -1239 Reefs ( 1235 adult CoTS cells, we showed earlier that oocytes, eggs and 2-cell stage embryos had over a million mtDNA copies per cell. If somatic adult cells had similar or somewhat lower numbers of mitochondria, these release rates were equivalent to several cells per min. A caveat for these estimations is the possibility that animals in aquaria experiments may shed more DNA in the form of greater release of mucus and cells associated with stress. In addition, eDNA release rates can depend on the diet of aquatic organisms as was demonstrated for invasive carp (Klymus et al. 2015) , while it is also likely that some of the DNA degraded during the experiment (Bylemans et al. 2018 ), a factor that was not taken into consideration. Further experimentation on DNA turnover is required to understand these factors. The eDNA concentrations measured in the field corresponded well to the observed occurrence of CoTS over [ 500 km of the GBR investigated here. Outbreaks usually start in the 'initiation box' between Cairns and Cooktown, and probably at the Northern End of this box (Pratchett et al. 2014; 2017) , corresponding to the Cooktown region reefs sampled in this study. No water sample collected from that region contained CoTS eDNA above the limit of quantification (LOQ). Our surveys, and additional data (ESM Table S2 ), confirmed that the outbreak in that region has collapsed. Although not an explicit aim of our study, it is also of benefit to know that CoTS eDNA signals disappear from reef waters after population collapse. By contrast, 76.2% of underwater samples and 64.3% of surface samples on reefs in the present outbreak area were above the LOQ. The two reefs south of the present outbreak showed no detectable CoTS eDNA. Given that these are approximately 60 km from the nearest reported outbreak front and outbreaks can spread about 60 km yr -1 (Vanhatalo et al. 2017) , it is likely that outbreaks on those reefs are imminent. Indeed, it will be interesting to continue eDNA and CoTS monitoring on those reefs to test at which stage outbreaks can be detected using eDNA, with such information increasing our understanding of the dynamics and mechanism of outbreaks.
eDNA surveys have developed into important tools for aquatic biodiversity monitoring (Yamamoto et al. 2016 Stat et al. 2017 ) and the detection of rare and introduced species (Rees et al. 2014 ). To our knowledge, this is the first time it has been demonstrated that eDNA Table 2 can be used for monitoring marine nuisance species. Although one study demonstrated detection of eDNA from the introduced crab species in the Baltic Sea, the authors concluded that detection rates were too low (Forsström and Vasemägi 2016) . If larval detection is included in the eDNA definition, there are examples of the detection of larvae of an introduced Asterias species (Richardson et al. 2016 ) and for CoTS larvae using eDNA techniques (Uthicke et al. 2015a; Doyle et al. 2017 ). This study is one of the first to apply eDNA techniques to quantify the abundance of a marine species over large scales ([ 500 kms). Previous studies using single species detection on jellyfish or Octopus (Mauvisseau 2017) focussed on kilometre scale patterns. Similarly, metabarcoding studies exploring diversity are often site specific and focusing on smaller geographic scales (Port et al. 2016; O'Donnell et al. 2017; Yamamoto et al. 2017) .
Given sampling was not controlled for hydrographic factors such as currents or tide levels, CoTS density explained a surprisingly high amount of variance of eDNA concentrations. Samples taken at the depth of the density transects (R 2 = 0.60) provided greater explanatory power than those from the sea surface (R 2 = 0.46), potentially due to the surface water being at further distance from the benthic CoTS habitat and thus the actual eDNA source. In addition, surface samples (with the exception of Lizard Isl.) were taken at much lower replication than underwater samples. However, given surface samples are easier to obtain than underwater samples, collecting a larger number of surface samples at targeted locations and times may be the more cost effective method for monitoring. The proportion of positive samples explained a similar amount of variance as the average concentration, suggesting that both metrics are available for future monitoring.
Thus, after careful choice of sampling locations and times, based on reef scale hydrodynamics and biological considerations, our method is suitable for CoTS population monitoring and early detection of outbreaks. In cases where lower detection limits are required than reported here, for instance, for very early detection of primary outbreaks, the option for collecting larger water volumes at higher frequency and at more strategic locations and times is available. Thus, the methods developed may be an important supplement or replacement to traditional monitoring in the future. Development of automated samplers and possibly on board PCR in the future will further improve sampling and early detection. We propose that post-settlement monitoring in winter in combination with a targeted larval monitoring (Uthicke et al. 2015a; Doyle et al. 2017) in the summer spawning season provides the highest chance for early outbreak detection.
